e single-hole double-track shield tunnel with a large diameter has been one of the optimized schemes for those Metro meeting tunnels crossing long water areas. Compared with single-hole single-track tunnels, train-meeting scenarios occur in single-hole double-track tunnels, which results in a greater dynamic loading and a longer action time. By far, the thorough understanding of the dynamic response and liquefiability of the soils around the single-hole double-track tunnels, when crossing liquefiable soil layers, is still lacked. In this paper, a typical profile of Nanjing Metro Line 10, of the crossing-river section near Jiangxinzhou Station, is taken as an example. Based on the multibody dynamics, we established the train-rail coupling model to obtain the train dynamic load. Subsequently, in view of the single running scenario and four typical meeting scenarios, the train-tunnel-soil FEM model is developed to analyse the dynamical responses of the soils around the tunnel. e results indicate the vertical acceleration of the tunnel substrata exhibits an exponential attenuation trend with an increase of the distance; the horizontal acceleration of the ground surface exhibits an enlarged area within 10-25 m from the tunnel centerline. Also, the displacement of the soil layer under the tunnel increases cyclically in the period of the Metro train passing and rebounds slowly after the train passes. When the wheels of two Metro trains act simultaneously, the peak compression strain increases superimposedly; when the act is out of sync, the peak compression strain occurs concentrated and significant increase does not occur. Moreover, the larger the vibration amplitude the Metro train causes, the greater the excess pore water pressure occurs. Beyond a certain depth range, the influence of the vibration vanishes. e ratio of the maximal pore water pressure to the total stress is less than 1, suggesting that liquefaction does not occur in the silty-fine sand soil layer beneath the tunnel. e research results can be used to estimate the longitudinal differential settlement under long-term operation conditions and be helpful in regulating running speed of the Metro trains and planning the maintenance measures for the track flatness of the tunnel.
Introduction
Recent decades have seen a boom of the urban rail transit, which can effectively relieve the traffic congestion, in China [1] . Compared with the double-hole double-track tunnels, single-hole double-track tunnels, generally with greater diameters, can reduce the risks, costs, and periods of the construction [2] .
Scholars have carried out a variety of studies on the propagation law of the vibration generated by the Metro train running through the tunnels in soil layers, mainly on the double-hole double-track tunnels [3] [4] [5] [6] . Volberg [7] discovered that the surface wave is the dominant factor of the vibration caused by vehicle operation; also, vibration energy was found decreasing due to the diffusion of the elastic waves and the weakening in the elastic medium. Further discoveries include that the maximum vertical displacement of the base soil decreases linearly with the depth increase and the vibration level of the ground increases with the train speed and decreases with the distance away from the railway [8] . When propagating in the soils, the plastic waves are damped and weakened continuously by the soils [9, 10] . e random dynamic loads generated by the Metro operation induce dynamic responses in the soils around the tunnel [11] . Accelerating or braking a running train applies additional longitudinal forces on the rails, which induces the longitudinal and horizontal displacements and shear stresses in the soils under the railway tracks [12] . e train speed affects the load frequency and the train weight affects the load amplitude as train wagon dimensions affect both the frequency and load amplitude [13] . e rail-tunnel-foundation system is in a state of loading and unloading repeatedly as the Metro train passes through the tunnel, and the dynamic responses of different parts of the system vary simultaneously with the time and space. e long-term loading and unloading circularly may induce damages on the rail-tunnel-foundation system [14] . Note that the Metro train may pass through the liquefiable soil layers. As for the scenario that the liquefiable granular soil, for example, silty-fine sand, acts as the underlying soil layer of the Metro tunnel, the pore water pressure of the underlying soils, which is under the cyclic action of train's dynamic load, repeatedly accumulates and dissipates; the liquefaction might occur in the soils. Gong et al. [15] found that the pore pressure ratio of the soil is related to the loading frequency, dynamic stress, and other factors. When the dynamic stress ratio is greater than the critical value, the pore water pressure of the soil continuously increases and the effective stress gradually decreases, eventually leading to the liquefaction and soil failure.
Although single-hole double-track tunnels attain greater dynamic loads due to the Metro-train meeting, few studies are available on the dynamic responses and liquefaction potential of the soils around the single-hole double-track tunnel with the Metro-train meeting. In this paper, taking the section between Jiangxinzhou and Linjiang stations of Nanjing Metro Line 10 of China as a case study, we conducted a vehicle-track model by employing the multibody dynamics software Universal Mechanism (UM), obtaining the dynamic wheel-rail force of the A-type vehicle. Subsequently, the FEM model of the track-tunnel soil is developed. After validating the model by comparing with the measured results, the dynamic responses, of the soils around the tunnel and the liquefaction potential of the silty-fine sand layer beneath the tunnel, are analyzed. e results are helpful for understanding of the dynamic behaviours of the foundation soils of the single-hole double-track tunnels with the train meeting.
Basic Principle
Various irregularities exist on the surface of the rails [16] ; wheels generate dynamic loads when moving on the irregular rails, as shown in Figure 1 . With the relative displacement Δz of the rail surface variation, the Hertz spring is stretched to produce the Hertz force, which is calculated according to the following equations:
e wheel-rail contact force is determined by Hertzian nonlinear elastic contact theory [17] as
where P is the static load; R ω and R r are the cross-sectional radius of wheels and rails, respectively; E is the elastic modulus of the wheel and rail, and ] is the Poisson ratio.
Case Study
3.1. Engineering Background. Metro Line 10 of Nanjing City of China crosses the Yangtze River at the interval of Jiangxinzhou and Linjiang Stations. e line connects Jiangbei New Town, Hexi District, and the main urban area. e soil layers, traversed by the Metro Line 10, mainly consist of the filling soil, clay, mucky clay, silty-fine sand, and gravelly sand [2] . e total length of the tunnel is 3.6 km. It is the first single-hole double-track tunnel across the Yangtze River, with a design service life of 100 years. In this paper, a typical section, near Jiangxinzhou station, is used for a case study. e section is noted in Figure 2 . Silty-fine sand, with a uniform grain size and partially intercalated, exists in the strata. Liquefaction might occur in the silty-fine sand layers under cyclic loading. Note that, in the long-term operation of the Metro, liquefaction, of the silty-fine sand foundation under long-term cyclic load, could cause longitudinal differential settlement, augmenting the evenness level of the track and eventually affecting the normal passage of the Metro trains [18] .
Train-Meeting Scenarios.
e train-meeting scenarios are firstly considered. Figure 3 illustrates a typical trainmeeting scenario at the research section. Note that the length of an A-type Metro train is 140 m; the running speed V is 60 km/h; the time required for the train completely passing through the section is 8.4 s. It is assumed that when the left front of the train arrives at the position of the studied section, the length of the right front of the train departing from the section is nL, where 0 < n < 1, n denoting the proportion of the length of the front of the train departing from the section to the whole length of the vehicle. T is the whole time of the train running over the research section. e fronts of the left and right trains meet at the research section, with T � 8.4 s, as shown in Figure 4 (a). After the right train passes through the section in 4.2 s, the left train heads to the section position exactly, with T � 12.6 s, as shown in Figure 4 (b). When the right train passes through the section completely, the left train heads to the section exactly, with T �16.8 s, as shown in Figure 4 
FEM Model.
e two-dimensional FEM model of the track-tunnel soil is developed using the PLAXIS. e horizontal distance and the height of the model are 100 m and 60 m, respectively. e centre of the tunnel is located at 22 m underground. e inner diameter of the tunnel is 5.1 m, and the thickness of the segment is 0.5 m. e Mohr-Coulomb constitutive model is adopted; the damping ratios of soil and concrete are set as 0.03 and 0.05, respectively. In order to eliminate the reflection of the scattered wave on the boundary, the viscous-absorbing boundary is applied at the bottom and left sides of the model, with free field boundary applied at the top of the model. e model consists of 2,829 units and 23,524 nodes, as shown in Figure 5 . e soil layers and tunnel parameters are listed in Table 1 .
Train Dynamic Load.
In this paper, a numerical model of the wheel-rail loads is demonstrated by using the multibody dynamics software, Universal Mechanism, taking the A-type vehicles, commonly used in urban rail transit in China, as the Metro train type. e A-type vehicles have four motor (M) cars and two trailers (T), and the car sequence formation is coded as +T-M-M-M-M-T+. e train speed passing the section is assumed to be 60 km/h, which is the designed speed of the Metro train. Figure 6 depicts a simplified Metro train model. In view of the track structure, both rail and sleeper are simulated using the Euler beam model, with the bottom of the model set as rigid foundation, as shown in Figure 7 . e parameters of the A-type trains are listed in Table 2 .
In view of the established vehicle-rail coupling model, the wheel-rail force of the contact points can be obtained. 
Shock and Vibration
For conciseness, the scope, of this paper, only focuses on the wheel-rail force of the first wheel pair of the personnel quota scenario trailer, as shown in Figure 8 .
Model Verification.
We selected the receiver point B 1 just above the research section on the ground and selected receiver points A 1 -A 8 under the tunnel. en, the receiver points are measured and simulated, respectively. Figure 9 exhibits the depth of the tunnel, the layout of the points, and the distribution of the soil layer, respectively, in m unit. e numerical model is validated by field measurements. e monitoring system consists of the accelerometers, data acquisition system, gateway node, and notebook computer. Data acquisition was conducted using a JM3870 wireless dynamic/static vibration analysis system, with a sampling frequency of 256 Hz. e AI050 piezoelectric accelerometer is used, with parameters shown in Table 3 . Figure 10 shows the measured and simulated acceleration curves of B 1 in the time domain. As can be seen, both curves have obvious 24 peaks, corresponding to the impact of 24 sets of wheel sets of the Metro train. e measured peak value of the vertical acceleration of B 1 is between 0.06 and 0.1 m/s 2 , and the simulated peak value is between 0.05 and 0.09 m/s 2 , with an error less than 15%. Background noises exist in the field test, making the profiles of the measured and simulation results vary. Figure 11 shows the measured and simulated acceleration curves of B 1 in the frequency domain. Note that the measured acceleration frequency of B 1 mainly concentrates on 5 to 15 Hz, while the simulated acceleration frequency concentrates on 0-20 Hz, both in the low-frequency band. e maximum measured and simulated values of the peak acceleration are 0.1 m/s 2 and 0.083 m/s 2 , respectively.
Basically, the measured and simulated results agree with each other. e numerical model can be assumed reasonable. Shock and Vibration
Analysis of Dynamic Soil Responses
4.1. Acceleration Response. Figure 12 shows the acceleration curve of A 1 in the time domain when the train passes through the research section under various scenarios. In Scenario IV, the vertical peak acceleration and horizontal peak acceleration of A 1 are 0.82 m/s 2 and 0.51 m/s 2 , respectively. Both accelerations vary slightly in quantity, indicating the responses of the soil are obvious within a certain distance from the tunnel floor. In Scenario I, because both trains move in the same time period when meeting, the synchronous superposition of the elastic waves occurs. e peak value of the vertical acceleration of A 1 is about twice that of the value of the Scenario IV, and the maximum value is 1.6 m/s 2 . However, the horizontal acceleration value approaches 0 due to the elastic wave acting in the opposite direction. In Scenario II, when the two Metro trains meet in the research section, from 4 s to 8 s, the dynamic load produces superposition effect. However, the peak acceleration does not increase significantly due to the asynchronism of the load cycles. e frequency of Scenario III exhibits the same trend as that of scenario IV, only with a doubled meeting time. Figure 13 shows the peak acceleration curves of A 1 -A 8 . With an increase of the vertical depth, the peak acceleration decreases exponentially. In Scenario I, the peak value of the vertical acceleration is about double that of the other scenarios; the gap decreases significantly with the increase of the depth. At 23 m below the tunnel, the peak acceleration of the four scenarios is very close. With the increase of the propagation distance, the wave front extends; the damping effect of the soil and the vibration intensity of the wave gradually decrease. e variation trend of the horizontal acceleration in Scenario I is different from that in the other scenarios, and an amplification region appears at the depth from 5 m to 12 m. e reason is that the velocity attenuation of the surface wave and body wave are not consistent on the surface, and the elastic wave is reflected and refracted repeatedly at the interface of the soil layers and the ground surface. Figure 14 depicts the displacement time-domain curve of A 1 under various scenarios. e train vibration induces the soil displacement; the larger the vibration intensity and duration, the greater the soil displacement. us, the displacements of Scenarios I, II, and III are larger than those of the scenario IV; the displacement increases during the period of the Metro train passing, and the soil rebounds slowly after the Metro train passing. Under Liquefaction-prone strate Tunnel Shock and Vibration 7 the sequential actions of the wheel sets of the Metro train, the vertical displacements of the scenarios I, III, and IV fluctuate monotonously to their maximum values and then rebound. Note that, in scenario II, the vertical displacement increases rapidly between 4 s and 8 s due to the overlapping effect of loads when the Metro train meets; the vertical displacement fluctuates repeatedly in the range of 3.5 mm-5 mm between 7 s and 12 s instead of monotonously increasing and rebounds after the fluctuation. Figure 15 exhibits the vertical displacement of the soil around the tunnel after the Metro train passes through the section under various scenarios. At the same elevation, the soil displacement around the tunnel decreases with the increase of the distance from the vibration source; the soil displacement decreases with the increase of the depth. When Metro train passes through the tunnel, the contour plot of the vertical displacement attenuates elliptically to the surrounding area. In scenario I, due to the same dynamic load period, when the two Metro trains passing through the research section at the same time, the contour plot of the vertical displacement exhibits axisymmetry with the tunnel centerline; the maximum vertical displacement of the tunnel reaches 5.24 mm. In scenario IV, only the left Metro train passes through the research section, exerting eccentric load; the displacement on the left side of the tunnel is obviously larger than that of the other side. In Scenarios II and III, the left Metro departs from the section later than the right Metro train; the vertical displacement on the left side of the tunnel is slightly larger than that of the other side; the maximum displacement of the two scenarios is very close, 4.72 mm and 4.62 mm, respectively. Figure 16 exhibits the strain time-domain curve of A 1 under four scenarios. Obviously, under the action of the wheel sets, the peak compressive strain occurs beneath the tunnel. When wheel sets are not active, the compressive strain decreases rapidly to 0. In Scenario IV, only one Metro train is in operation; the maximum compressive strain of A 1 is 172 με. When the wheel sets of two Metro trains act simultaneously, the peak compression strain increases superimposedly; in Scenario I, the maximum compressive strain is 342 με, approximately twice the value of Scenario IV. When the wheel sets of two Metro trains are not synchronized, the peak compressive strain appears intensively and does not increase significantly; in Scenario II, the maximum compressive strain is 226 με, about 1.32 times the value of Scenario IV. e maximum compressive strain of Scenario III is the same as that of Sscenario IV, but the lasting time is doubled. Figure 17 exhibits the maximum dynamic strain curves of A 1 -A 8 . With an increase of the vertical depth, the maximum dynamic strain decreases linearly. Because of the damping effect of soil materials, the dynamic strain attenuates continuously. e maximum dynamic strain decreases rapidly with the increase of the depth within 5 m; the maximum dynamic strain decreases linearly in the range of 5 m to 25 m and finally decreases to about 3 με under all the four scenarios. At the same depth, due to the different intensities and duration of the vibration, the trend of the dynamic strain under different scenarios yields Scenario I > Scenario II > Scenario III > Scenario IV; the dynamic strain in Scenario III is close to that of Scenario IV.
Displacement Response.
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Excess
Pore Water Pressure. Figure 18 exhibits the timedomain curve of the excess pore pressure of A 1 under four pressure occurs in soil under the action of the train wheel sets. After the wheel sets leave the research section, the excess pore pressure decreases rapidly to near 0. e greater the vibration amplitude yielded by Metro, the greater the excess pore water pressure occurs in soil. Because of the overlapping effect of loads, obvious multipeaks of the excess pore pressure occur in Scenario II during the interval of 4 s-8 s. e maximum values of the excess pore pressure of Scenarios I, II, III, and IV are 13.93 kPa, 8.98 kPa, 6.99 kPa, and 6.98 kPa, respectively. e hydrostatic pressure is 272.2 kPa, and the excess pore pressure is about 1/30 of that. Figure 19 shows the maximum excess pore pressure curve of A 1 -A 8 . With the increase of the vertical depth, the maximum excess pore pressure decreases exponentially; beyond a certain depth range, the vibration vanishes. Due to the variation of soil damping, the decline rate of the maximum excess pore pressure varies. e abrupt decrease of the excess pore pressure, between 23 m and 28 m beneath the tunnel, mainly lies in the fact that this stratum is the moderately weathered mudstone, which is not capable of generating excess pore water pressure. At the same depth, due to the variations of the vibration intensity and duration, the trend of the maximum excess pore pressure, of A 1 -A 8 in different scenarios, yields Scenario I > Scenario II > Scenario III > Scenario IV. e excess pore pressure of Scenario III is close to that of the Scenario IV.
Liquefaction Potential.
We used the direct criterion to evaluate the liquefaction potential of granular soils [20] . By calculating the ratio of the pore water pressure to total stress, the liquefaction potential of granular soil layer in tunnel basement induced by the Metro train motion is discriminated, which yields
where ξ is the ratio of pore water pressure to total stress;U is the pore water pressure; and σ is the total stress.
When ξ is equal to 1, meaning the pore water pressure is equal to the total stress and the effective stress is zero, the granular soil is in a liquefaction critical state. When ξ is less than 1, the effective stress of the granular soil is positive and we deem that no liquefaction occurs in the soil. Figure 20 exhibits the variation trend of ξ value of A 1 in different scenarios in the time domain. During the Metro operation, the excess pore pressure of the silty-fine sand under the tunnel produces repeated cycles of accumulation and dissipation. When the cumulative excess pore pressure is greater than the effective stress, the silty-fine sand is apt to liquefy and increase the underground settlement under the tunnel. As for the four scenarios, ξ value varies periodically with the train load. e equilibrium value of ξ in fluctuation is around 0.568, with little differences occurring for all the scenarios. Note that A 1 did not liquefy under all scenarios. Figure 21 shows the trend of the maximum ξ value varying with the depth for different scenarios. e maximum values of ξ tend closely at the same depth under all scenarios. Moreover, with a depth increase beneath the tunnel, the maximum values of ξ decreases from 0.58 to 0.5, suggesting the liquefiability of the silty fine-sand soil decreases gradually with the increase of the depth. us, the silty fine-sand soil layer, beneath the single-track double-line tunnel, is not apt to liquefy.
Conclusions
We developed the wheel-rail force model of the A-type Metro train based on the multibody dynamics. Taking a research section of a single-hole double-track tunnel, of Nanjing Metro Line 10 as an example, a track-tunnel-soil model has been demonstrated; the dynamic responses of the acceleration, displacement, and strain of the soils around the tunnel and the liquefaction potential of the silty fine-sand soil layer under the tunnel were analyzed, respectively. e following conclusions can be drawn:
(1) e vertical acceleration of the tunnel substrata exhibits an exponential attenuation trend with an increase of the distance; the horizontal acceleration of the ground surface exhibits an enlarged area within 10-25 m from the tunnel centerline. (2) e displacement of the soils under the tunnel increases cyclically in the period of the Metro train passing and rebounds slowly after the train passing. e displacement caused by the scenario of two-Metro-train meeting is generally 1.5 to 2 times that of single Metro train scenario.
(3) When the wheels of two Metro trains act simultaneously, the peak compression strain increases superimposedly; when the act is out of sync, the peak compression strain occurs concentrated and significant increase does not occur. With an increase of the vertical depth, the maximum dynamic strain decreases linearly. (4) e larger the vibration amplitude is caused by the Metro train, the greater the excess pore water pressure occurs. e abrupt decrease of the excess pore pressure between 23 m and 28 m beneath the tunnel mainly lies in the fact that this stratum is the moderately weathered mudstone, which is not capable of generating excess pore water pressure. Beyond a certain depth range, the influence of the vibration vanishes. (5) e ξ of the silty fine-sand soil is less than 1, suggesting the soils around of the single-hole doubletrack tunnel are not apt to liquefy under the cyclic loads exerted by the trains moving in both ways. Moreover, the liquefiability of the silty fine-sand soil gradually decreases with the increase of the depth. (6) e large deformation induced by the soil liquefaction may result in longitudinal differential settlement of the tunnel, which influences the track flatness. e investigation results aid in regulating the running speed of the Metro trains and planning the maintenance measures for the track flatness of the tunnel.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e authors declare that there are no conflicts of interest regarding the publication of this paper.
